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Economic viability of transmission  
capacity expansion  
at high wind penetrations 
 
 
 
Poul Alberg Østergaard 
 
 
 
Abstract 
 
For reasons of mainly climate change mitigation, many countries are increasing their shares of 
domestically exploitable renewable energy resources. One of the most economically feasible re-
newable energy sources, wind power, is gaining higher and higher penetrations in electricity sup-
ply world wide and increasing 21 % from 2003 to 2004 (Windpower Monthly 2004). With growing 
wind power penetrations, however, grid and system integration becomes more and more impor-
tant issues, and at a 20% penetration in Western Denmark, the issue is pertinent here. 
 
This article analyses the potential economic benefit of selling excess electricity production on the 
Nord Pool power pool in relation to the required grid expansion. This is done through energy sys-
tems analyses, transmission grid modelling, analyses or the required transmission grid invest-
ments and analyses of the Nord Pool price variations. The analyses are done for varying degrees 
of wind power penetrations ranging from 20% of the West Danish electricity demand up to 100% 
of the demand. 
 
The analyses demonstrate, that while there is an economic potential for some expansion in some 
years, in most cases the added investment proves unfeasible and either reduction of the wind tur-
bines production under excess generation situations or other uses is more profitable unless the 
wind penetration very high.  
 
Introduction 
 
Since the oil crises of the 1970s, Denmark has pursued an active energy policy of reducing de-
pendency on imported fossil fuels (Danish Ministry of Trade 1976; Danish Ministry of Energy 
1981). This policy was given added focus and a slight change of direction towards renewable en-
ergy sources with the establishment of a very early national carbon dioxide emission reduction 
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target of a 20% reduction from 1988 to 2005 in line with the recommendations of the Montreal Ac-
cord (Danish Ministry of Energy 1990; Danish Ministry of Energy 1993) well as the Kyoto protocol 
requirement adapted by Denmark (Danish Ministry of Environment and Energy 1996), exploitation 
of renewable energy sources has played an important role in the pursuit of these policies of self-
sufficiency and climate change mitigation. Over-all energy efficiency improvements have also 
come from an extensive exploitation of cogeneration of heat and power (CHP) for the purpose of 
district heating generation as planned already in the first energy plan of 1976. The results are also 
apparent: With 20% wind penetration and a share of local non-dispatchable CHP at 26% in e.g. 
Western Denmark in 2004 (Eltra 2004), a very fuel efficient energy system has been established. 
  
While a shift to a more market-based pricing system for wind power supplied to the grid has more 
or less halted Danish expansion of land-based wind turbines, political agreement was reached in 
2004 regarding the establishment of two new 200 MW off-shore farms (Danish Government, 
2004). This is an expansion of approximately 16% compared to the present level in terms of ca-
pacity but in terms of production it is closer to a 30% expansion due to more annual full-load oper-
ating hours off-shore. 
 
Denmark is split up into two non-connected dispatch areas. This article addresses Western Den-
mark, which holds about 55% of the Danish population and has the highest shares of wind power 
and local CHP. In 2004, wind power constituted at its peak 118% of the entire demand in this 
area and small-scale non-dispatchable CHP came to a maximum share of 64%. The two com-
bined had a maximum share of 148% of the demand (percentages based on statistical analyses 
of production and consumption data from (ELTRA A)). 
 
This is of course not during peak demand but does indicate the significant weight of non-
dispatchable production. Adding to that generally high shares indicated in Figure 1 and the fact 
that the large centrally-dispatchable power plants also have to operate for reasons of grid stability 
and in order to generate district heating for large urban areas, the result is that there are times, 
where there are large excess productions. In normal thermal or hydro-based systems, there is not 
such a high non-dispatchable production however the opposite is the case here. At many points 
in time throughout the year, there is thus a necessity to export electricity. 
 
Western Denmark does have a relatively strong grid (Figure 2) with strong electric connections 
abroad totalling approx 2900 MW (Eltra 2004). A large share of 1200 MW however, is to Germany 
which itself has 14609 MW (Winpower Monthly 2004) of wind power mainly in the Northern länder 
and thus limited possibilities of picking up excess power generation from Denmark during periods 
of high wind velocities which will concur with periods of high wind velocities in Germany. 
 
Scope of article 
 
With much of the power generation being non-dispatchable, export is utilised for integration of 
wind power today however this option is limited by transmission capacity. The transmission ca-
pacity may be expanded to alleviate this or other strategies may be employed including a) im-
proved control of the small-scale CHP plants, see e.g. (Østergaard 2006), b) moveable loads 
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(including heat pumps, electrolytic converters or battery storages in vehicles), see e.g. (Lund 
2005; Østergaard 2005; Østergaard 2003). Expansion and the two alternative strategies change 
the timing of either load or production or the geographic area in which the wind power is inte-
grated however potentials and not the least costs differ greatly between the options. 
 
This article analyses whether it is economically feasible to expand the domestic transmission sys-
tem as well as export capacity from Western Denmark to Norway and Sweden based on added in
-come from selling additional export on the Nord Pool power exchange at higher wind pene-tra-
tions. 
 
The energy systems’ analyses are based on relatively simple extrapolations and calculations 
based on empirical data whereas the transmission grid analyses are more analytically-based be-
ing founded on a transmission grid description and a load-flow model of the grid detailing geo-
graphic distribution of demand and supply in order to determine transmission line loads. 
 
Energy system scenario 
 
The analyses take their point of departure in actual hourly values of demand, wind power genera-
tion, import, export and available export capacity for five years in Western Denmark. The five 
years are all with annual wind energy contents (wind index) at or below average (see figure 3). 
Largest exports would naturally occur under above average wind conditions, however, data were 
not available for such years.  
 
In these analyse, wind power is modelled at levels from the current level of approximately 20% 
and up to a wind penetration of 100%. These percentages are in shares of the demand in West-
ern Denmark however without taking into consideration whether the timing of wind power fits the 
timing of the demand. As these will naturally not follow the demand, even at 100% wind penetra-
tion, demand surpass wind power generation approximately half the time and the reverse will also 
happen approximately half the time. Some thermal production is hence required even at 100% 
wind penetration but this is not addressed in detail in these analyses. Furthermore, some degree 
of production on large synchronous generators is typically required to supply required ancillary 
services (Østergaard 2006), though requirements will probably decrease in the future as distrib-
uted generating technologies improve performance and stability. 
 
For each hour of the five years, installed wind power capacity is modelled expanded up to 100% 
wind penetration by simple extrapolation. Over the period of years indicated in Figure 3, installed 
wind capacity has grown. This is compensated in the modelling so all are referred to year 2004 
levels. 
 
Available export capacity is the physical export capacity minus momentary export plus imports 
where the physical capacity is the approximately 1700 MW minus temporary reductions due to 
e.g. maintenance and line faults. Import and export of course does not take place at the same 
time - at least not in a physical sense but maybe in economic terms. Import is therefore included 
in the calculations as import in an hour may be perceived as an additional available export capac-
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ity. Additional capacity may subsequently be added and the additional momentary export be de-
termined by comparing with the available momentary wind power. Figure 4 and 5 show available 
export capacity for two weeks in 2004. It should be noted that the week numbers are not coincid-
ing with the European week numbering system but rather, the first seven days of the year is de-
fined as week number one. 
 
It is clear from the two figures that available export capacity changes considerably over the day 
and the week as an indication of the use of these connections. 
 
Non-controllable electricity sources are typically not able to trade very actively on the power 
pools. With no control of the production, the only possible market option is using he sport market. 
If a high number of wind turbines such as the entire Western Danish stock were to be traded to-
gether, predictions would of course improve and thereby possible enabling wind turbines to trade 
better, however in these analyses, it has been assumed, that this is not the case. 
 
Spot market prices on the Nord Pool power exchange vary considerably over time, but there is no 
immediate correlation with momentary wind power as indicated in Figures 6 and 7 showing pool 
prices for Western Denmark along with momentary wind input. These prices are used to deter-
mine the value of additional export caused by expansion of wind power.  
 
There is though some correlation between wind power and spot market price. That, however, is 
beyond the requirements for these analyses). At high wind expansions there could be a higher 
corre-lation between momentary wind power and pool-prices however Danish electricity con-
sumption and generation is very modest compared to the Norwegian and Swedish con-sump-
tions, so a concurrent expansion of transmission capacity between Denmark and Norway/Sweden 
will lower this correlation. 
 
Expansion of export capacity is modelled in the form of a 600 MW HCDC line at a total cost of 
1350 million Danish Kroner (DKK); approx 200 million € (Eltra 2002). Calculated as an annuity 
over 30 years at 3% discount rate and adding 2% operation and maintenance (O&M) costs annu-
ally (Jørgensen 2003), this comes to approximately 70 million DKK per year. 
 
Domestic grid expansions are determined by load-flow analyses of the Western Danish grid using 
the energyPRO GRID model (Andersen & Mæng 2004; Lund & Østergaard 2000) and databases 
established for the Mosaic project (Østergaard et al. 2004) for all hours in the year. In the model-
ling, the over-loads in the transmission system are identified assuming an otherwise intact grid 
and reinforcements are priced. These costs are subsequently calculated as an annuity over 30 
years at a discount rate of 3% as for the HVDC lines, 2% O&M is added and the total is summed 
for domestic lines as well as HVDC lines. 
 
The analyses have not looked into possibly required reinforcements in the receiving end, and 
such costs are hence not included 
 
The total grid costs may lastly be deducted from the added income of selling electricity on the 
Nord Pool thereby revealing the potential income from expansion of export capacity. It should be 
noted that it is not an analysis of the potential income of expanding wind power; turbine costs are 
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not considered. It should also be duly noted that it is under an assumption of “must take” i.e. the 
transmission and system operator (TSO) is obliged to take electricity from producers at a price 
regardless of whether needed in the system or not. 
 
Results of the analyses 
 
Additional export varies from year to year in the models as shown in Figure 8 with a tendency that 
high-wind years also have higher additional exports. It is however interesting comparing years 
2001 and 2002. In spite of a significant difference in annual wind energy contents, additional ex-
ports are more or less identical demonstrating that the timing is very important. The average diur-
nal variation does not change much from year to year however seasonal variations in wind energy 
contents do manifest themselves as indicated by Figure 8. 
 
Adding an extra 600 MW export facility gives an additional export as indicated in Figure 9. Again, 
in spite of 2001 having by far the lowest annual wind energy contents, additional exports this year 
are among the highest due to the prices of this year.  
 
Applying the momentary Nord Pool prices for the momentary additional exports at higher installed 
wind capacities gives the incomes in Figures 10 and 11 where the difference shown in Figure 12 
thus reveals the economic benefit of the added export capacity without taking the grid expansion 
costs into account though. 
 
Calculating the grid expansion needs give the results listed in figure 13. It is quite clear that the 
most important investment is in the international HVDC cables whereas domestic expansions at 
low wind penetrations is more of less negligible. At higher penetrations this becomes more impor-
tant though never at a level comparable to the HVDC line. 
 
Adding these costs as previously outlined gives the over-all income of expanding the transmission 
system and HVCD export capacity to Norway/Sweden. These results are given in Figure 14. 
 
It is clear from the figure that the economic viability of expanding the transmission system and 
export connections vary considerably from year to year. If the timing of the excesses is wrong 
compared to the pool price (as in the year 2000) a strong expansion of wind power is required in 
order to make the investment feasible. In most of the other years, expansion is only feasible at a 
wind power penetration around 35-40% though in one year (2003), only a modest expansion 
compared to the present approx. 20% penetration is required. 
 
Expansion with an additional 600 MW HVDC capacity to a total of 1200 MW is feasible in some of 
the years but generally only at very high wind penetrations above 50-60%. These analyses are 
not detailed further here as other issues become more pertinent at such high levels. 
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Conclusions 
 
Expansion of grid connections from Western Denmark to neighbouring countries is feasible if 
Denmark pursues a path of wind power expansion. While not relevant under present circum-
stances, added export capacity becomes economically favourable when wind penetration reaches 
and surpasses 35-40% 
 
Capacity expansion to even higher levels – 1200 MW in these analyses – are only feasible at very 
high wind penetrations. 
 
The analyses are done using statistical data for five years however these five years were in fact 
comparably low-wind years. Higher wind velocities would naturally increase the utility of added 
transmission capacity domestically and internationally. 
 
Acknowledgements 
 
The work presented in this article was made possible using tools and models developed 
in the research project MOSAIK supported financially by the Danish Government through 
the Develop-ment Programme for Renewable Energy. 
 
A preliminary version of this article was presented at Wind-Power 2005, organised by the 
American Wind Power Association in Denver, USA. 
 
 
 
 
 
 
 
 
 
 11  
 
References 
 
Windpower Monthly 2004. The Windicator – Operating wind-power capacity worldwide. Knebel, 
Denmark: Windpower Monthly, PO Box 100, 8420 Knebel, Denmark, 2004. 
 
Danish Ministry of Trade 1976. Danish energy policy 1976 (Dansk Energipolitik 1976). Copenha-
gen, Denmark: Danish Ministry of Transport and Energy (current name), Frederiksholms Kanal 
27, 1220 København K, 1976. (In Danish).  
 
Danish Ministry of Energy 1981. Energy plan 81 (Energiplan 81). Copenhagen, Denmark: Danish 
Ministry of Transport and Energy (current name), Frederiksholms Kanal 27, 1220 København K, 
1981. (In Danish).  
  
Danish Ministry of Energy 1990. Energy 2000: A plan of action for a sustainable development. 
Copenhagen, Denmark: Danish Ministry of Transport and Energy (current name), Frederiksholms 
Kanal 27, 1220 København K, 1990.  
 
Danish Ministry of Energy 1993. Energy 2000 — Follow up; responsible and forward looking en-
ergy policy. Copenhagen, Denmark: Danish Ministry of Transport and Energy (current name), 
Frederiksholms Kanal 27, 1220 København K, 1993.  
 
Danish Ministry of Environment and Energy 1996. Energy 21, The Danish Government's Action 
Plan for Energy. Copenhagen, Denmark: Danish Ministry of Transport and Energy (current 
name), Frederiksholms Kanal 27, 1220 København K, 1996. 
 
Danish Ministry of Transport and Energy 2005. Energy strategy 2025. Perspectives towards 2025 
and Draft of action plan for the future electricity infrastructure.  
(Energistrategi 2025. Perspektiver frem mod 2025 og Oplæg til handlingsplan for den fremtidige 
el-infrastruktur). Copenhagen, Denmark: Danish Ministry of Transport and Energy, Frederik-
sholms Kanal 27, 1220 København K, 2005. (In Danish). 
 
Eltra 2004. Environmental Report 2004 (Miljøberetning 2004). Skærbæk, Denmark: Eltra Fjordve-
jen 1-11, 7000 Fredericia, Denmark, 2002. (In Danish). 
 
Danish Government 2004. Agreement between the Parties in the Danish Parliament (29. marts 
aftalerne). Copenhagen, Denmark: Folketinget, Christiansborg, 1240 København K, Denmark, 
2004. (In Danish). 
 
Eltra A. On-line database available at http://www.eltra.dk. 
 
Østergaard 2006. Ancillary services and the integration of substantial quantities of wind power. 
Applied Energy 2006:83(5): 451-463. 
 
Lund 2005. Large-scale integration of wind power into different energy systems. Energy 2005;30
(12): 2402-2412. 
 Working Paper 15 2007  
 
Østergaard 2005. Modelling grid losses and the geographic distribution of electricity generation, 
Renewable Energy 2005; 30(7): 977-987. 
 
Østergaard 2003. Transmission-grid requirements with scattered and fluctuating renewable elec-
tricity-sources. Applied Energy 2003; 76(1-3): 247-255. 
 
Möller. Changing wind-power landscapes: regional assessment of visual impact on land use and 
population in Northern Jutland, Denmark. Applied Energy (Article in Press). 
 
Eltra 2004. System plan 2004 (Systemplan 2004). Skærbæk, Denmark: Eltra Fjordvejen 1-11, 
7000 Fredericia, Denmark, 2004. (In Danish). 
 
Eltra B. Installed wind power capacity graph available at http://www.eltra.dk. 
 
EMD. Wind Power Database. Aalborg, Denmark: Energy and Environmental Data (EMD).  
On-line wind power data base available at http://www.vindstat.dk.  
 
Eltra 2002: Planning basis 2002, Memo ELT 2002-623 (Planlægningsgrundlag 2002 – Notat 
ELT2002-623). Skærbæk, Denmark: Eltra Fjordvejen 1-11, 7000 Fredericia, Denmark, 2002. (In 
Danish). 
 
Jørgensen 2003. Personal communication with Rikke Bille Jørgensen. Skærbæk, Denmark: Eltra 
Fjordvejen 1-11, 7000 Fredericia, Denmark, 2003. 
 
Andersen & Mæng 2004. EnergyProGrid, Working Paper 2 2004. Aalborg, Denmark: Department 
of Development and planning, Aalborg University, 2004.  
(Available at http://www.plan.aau.dk/tms/publikationer/WorkingPaper22004.pdf).  
 
Lund & Østergaard 2000. Electric grid and heat planning scenarios with centralised and distrib-
uted sources of conventional, CHP and wind generation. Energy 2000; 25(4):299-312. 
 
Østergaard et al. 2004. Mosaik – Model of the interplay beween distributed generation units 
(Model af samspillet mellem integrerede kraftproducenter). Aalborg, Denmark: Department of De-
velopment and Planning, Aalborg University, 2004. (In Danish). 
(Available at http://www.plan.aau.dk/publikationer/pdf-filer/294 - MOSAIK.pdf).  
 
 
 
 
 
 
 
 
 
 13  
 
Figures 
 
 
 
Figure 1: Duration curves for wind power and small-scale (local) CHP in Western Denmark in 2004. Based 
on data from Eltra A. 
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Figure 2: The transmission grid in Western Denmark. 
 
 
Figure 3. Installed wind capacity and relative wind energy contents in the five years modelled. Sources Eltra 
B and EMD. 
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Figure 4: Available export capacity to Sweden and Norway without additional capacity added – a winter 
week, based on data from Eltra B. 
 
 
Figure 5: Available export capacity to Sweden and Norway without additional capacity added – a summer 
week, based on data from Eltra B. 
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Figure 6: Production, demand and spot market price in a winter week of 2004, based on data from Eltra B. 
 
 
Figure 7: Production, demand and spot market price in a summer week of 2004, based on data from Eltra 
B. 
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Figure 8: Additional export using available export capacity, based on 2004 data. 
 
 
Figure 9: Additional export using available export capacity plus an additional 600 MW, based on 2004 data. 
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Figure 10: Additional income without added export capacity. 
 
 
Figure 11: Additional income with 600 MW added export capacity. 
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Figure 12: Marginal income from investing in 600 MW export capacity – grid costs not included. 
 
 
 
Figure 13: Grid expansion costs. The lower line is for HVDC connection alone; the upper line is including 
domestic transmission capacity expansion. 
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Figure 14: Added income from investing in transmission and export capacity expansion and selling excess 
wind power generation on the Nord Pool power exchange. 
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